Abstract Neurturin (NTN) is a member of the glial cell line-derived neurotrophic factor (GDNF) family; and, while GDNF has been shown to increase dopamine (DA) release in normal animals, the ability of NTN to alter DA release has not been previously reported. The purpose of the present study was to determine if NTN could alter striatal DA release, and to compare the effects of NTN to GDNF. Male Fischer-344 rats were given a single injection of vehicle or 5 lg NTN or GDNF into the right substantia nigra. Three weeks later microdialysis experiments were conducted to assess striatal DA release. Basal extracellular levels of striatal DA were not affected by either NTN or GDNF. However, both NTN and GDNF led to increases in amphetamine-evoked overflow of DA from the ipsilateral striatum, and there was a trend for potassium-evoked overflow to be augmented. Postmortem tissue levels of DA were decreased by approximately 20% in the striatum, and increased by approximately 100% in the substantia nigra, on the ipsilateral side of the brain compared to the contralateral side following both NTN and GDNF injection. Thus, NTN, like GDNF, can augment striatal DA release, and the magnitude of the NTN effects are similar to those of GDNF.
Introduction
Glial cell line-derived neurotrophic factor (GDNF) has been shown to have potent effects on brain dopamine (DA) systems of normal animals. In young adult animals these effects include increases in DA levels in the substantia nigra [1, 2] , increases in evoked overflow of DA from the striatum [3, 4] , changes in expression and phosphorylation of tyrosine hydroxylase (TH) [5, 6] and changes in behaviors thought to involve dopaminergic activation [1, 2, 7] . Similar neurochemical and behavioral effects have been reported in aged animals [8] [9] [10] [11] .
Neurturin (NTN), another member of the GDNF family of trophic factors, shares approximately 42% sequence homology with mature GDNF [12] . Similar to GDNF, NTN has potent effects on normal DA neurons both in vitro [13] [14] [15] and in vivo [13, 16, 17] . However, while the intracerebral administration of GDNF leads to increases in stimulus evoked DA overflow in the striatum of normal animals [3, 4] , the ability of NTN to produce functional effects on DA release has not been previously reported. While some studies have reported similarities between the effects of NTN and GDNF on the nigrostriatal DA system [14] , there are reports of differences as well [16] . Hence, it is not clear if NTN can augment striatal DA release in a manner comparable to GDNF. However, understanding how NTN affects DA release in intact animals may provide insight into its potential as a possible therapeutic agent for conditions associated with dopaminergic dysfunction. Thus, the purpose of the present study was to determine if a single intranigral injection of NTN could alter striatal DA release, and to compare the effects of NTN to a similar injection of GDNF. In vivo microdialysis was used to evaluate potassium-and amphetamine-evoked overflow of DA, and to monitor basal extracellular levels of DA and its primary metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) from the striatum of rats treated with NTN or GDNF. Postmortem tissue levels of DA and metabolites in the striatum and substantia nigra were determined at the conclusion of each experiment to further evaluate the effects of the two trophic factors.
Experimental Procedure

Animals
Male Fischer-344 rats of approximately 4 months of age were used for all experiments. The animals were obtained from Harlan Sprague-Dawley (Indianapolis, IN, USA) and were housed in groups of two under a 12-h light-dark cycle with food and water freely available. All animal use procedures were in strict accordance with National Institutes of Health guidelines and were approved by the Animal Care and Use Committee at the University of Kentucky. All efforts were made to minimize the number of animals used and to minimize their pain and discomfort.
Trophic Factor Injections
Surgery was performed using sterile instruments and conditions. The rats were anesthetized with isoflurane (2.0-2.5% as needed) and placed into a stereotaxic frame. The skull was exposed and a small hole drilled in the skull over the right substantia nigra (5.4 mm posterior to bregma, 2.2 mm lateral from midline). NTN (5 lg in 5 ll vehicle), GDNF (5 lg in 5 ll vehicle), or 5 ll vehicle (10 mM citrate buffer with 150 mM NaCl, pH 5.0) was injected just dorsal to the substantia nigra (7.0 mm below the surface of the cortex) using an SGE syringe with a 26 gauge blunt tapered needle. The rate of injection was 0.5 ll/min and the needle was left in place for an additional 5 min following the injection and then slowly withdrawn. Both the NTN and GDNF were purchased from PeproTech Inc. (Rocky Hill, NJ, USA). Gelfoam was placed in the burr hole and the incision closed with wound clips. The animals were placed in a heated small animal cage until they recovered from the anesthetic. They were then returned to their home cages.
In Vivo Microdialysis
Three weeks after the vehicle or trophic factor injections the animals were anesthetized with urethane (1.25-1.50 g/kg, i.p.) and positioned in a stereotaxic frame. Microdialysis probes (CMA/11 probes, 3.0 mm length of dialysis membrane; CMA/Microdialysis, Acton, MA) were slowly lowered into both the left and right striata (0.0 mm anterior to bregma, 3.0 mm lateral from midline, tip of probe 6.3 mm below the surface of the brain). The probes were perfused continuously at a rate of 1.2 ll/min with artificial cerebrospinal fluid containing 145 mM NaCl, 2.7 mM KCl, 1.2 mM CaCl 2 , 1.0 mM MgCl 2 , 0.2 mM ascorbic acid, and 2.0 mM NaH 2 PO 4 (pH 7.4) [18] . Dialysate fractions were collected at 20-min intervals. Following a 2-h equilibration period and the collection of 3 baseline fractions, DA overflow was stimulated first by increasing the potassium concentration in the perfusate to 100 mM (NaCl reduced to 47.7 mM) for a single 20-min fraction, and then 2 h later by adding 100 lM d-amphetamine to the perfusate for a single 20-min fraction. Following the d-amphetamine five final fractions with normal artificial cerebrospinal fluid were collected. Dialysate samples were frozen on dry ice and stored at -80°C until assayed for DA, DOPAC and HVA.
Tissue Collection and HPLC Analysis
At the end of the experiments the urethane-anesthetized animals were killed by decapitation. The brains were rapidly removed and chilled in ice-cold saline. A coronal slice of brain approximately 2 mm thick at the level of the dialysis probes was made with the aid of an ice-chilled brain mold (Rodent Brain Matrix, ASI Instruments, Warren, MI, USA). The location of all dialysis probes was confirmed to be centered in the dorsal striatum at the level of, or just rostral to, the crossing of the anterior commissure. The striatum was then dissected from each half of the slice as a single piece. The substantia nigra was dissected from both sides of a 2 mm thick coronal slice through the midbrain. The location of the trophic factor injection sites was verified during dissection of the slice containing the nigra. Following dissection the tissue pieces were placed in preweighed vials, weighed, and frozen on dry ice. Samples were stored at -80°C until assayed by high performance liquid chromatography (HPLC) as previously described [19] . For dialysis samples, 20 ll of the dialysate was injected directly onto the column.
Data Analysis
Basal levels of DA and metabolites were defined as the average value in the three fractions preceding stimulation by excess potassium. All probes were calibrated in vitro prior to use to determine acceptable probes (recovery of DA at least 15%). However, values were not corrected for in vitro recoveries as uncorrected values may be better correlated to true values [20] . Dialysis data were expressed as nM concentration of DA or metabolite in the dialysate and, for evoked overflow, as the total amount of DA in the dialysate above baseline following stimulation with potassium or amphetamine. Tissue levels of DA and metabolites were expressed as ng/g wet weight of tissue. Results were analyzed statistically using analysis of variance (ANOVA) as indicated in the results. Newman-Keuls tests were used for post hoc comparisons.
Results
Effects of NTN and GDNF on Dialysate Levels of DA and Metabolites
Basal dialysate levels of DA, DOPAC, and HVA are shown in Table 1 . The data were statistically analyzed using a mixed ANOVA with treatment as a between factor and side of brain as a within factor. There were no significant effects of either NTN or GDNF on basal extracellular levels of DA. However, basal levels of metabolites were affected on the injected side following both the NTN and GDNF treatments (main effect of side of brain for both DOPAC and HVA, P \ 0.005; treatment and side of brain interaction for both DOPAC and HVA, P \ 0.01). Basal levels of DOPAC were reduced by 28% in the NTN treated rats (P \ 0.01), and by 21% following GDNF injection (P \ 0.05). For basal levels of HVA, the NTN treatment led to a reduction of 19% on the treated side compared to the contralateral side (P \ 0.01), and the GDNF treatment led to a decrease of 11% on the treated side (P \ 0.05).
The complete time course from the in vivo microdialysis experiments for DA, DOPAC and HVA are shown in Figs. 1, 2, and 3, respectively. The relative lack of effect of NTN and GDNF on basal levels of DA ( Fig. 1) is emphasized by the overlapping symbols prior to potassium stimulation, while the NTN and GDNF induced reductions in basal levels of DOPAC and HVA (Figs. 2, 3 ) are clear. For both DOPAC and HVA, a repeated measures ANOVA with side of brain and time of sample collection as within factors found a main effect of side of brain for both DOPAC and HVA in animals treated with NTN or GDNF (main effect of side: DOPAC, NTN P \ 0.02, GDNF P \ 0.02; HVA, NTN P \ 0.01, GDNF P \ 0.02).
In order to facilitate comparisons of the evoked overflow of DA between the groups and sides of the brain the data were expressed as total amount of DA in the dialysate fractions above basal levels following stimulation by excess potassium or d-amphetamine (Fig. 4) . The results were then statistically analyzed using a mixed ANOVA with treatment as a between factor and side of brain as a within factor. For potassium-evoked overflow of DA there was a main effect of side (P \ 0.05), but not of treatment; and there was not a significant interaction. Thus, while the NTN and GDNF treatments tended to increase potassium-evoked overflow (by approximately 20%, Fig. 4 ), the increase did not reach statistical significance. For amphetamine-evoked overflow of DA, the mixed two-factor ANOVA revealed a main effect of side (P \ 0.01) and a significant interaction of treatment with side (P \ 0.05), but not a main effect of treatment. Post hoc comparisons indicated that both NTN and GDNF treatments led to increases in amphetamine-evoked overflow of DA by approximately 28% on the injected side.
Effects of NTN and GDNF on Tissue Levels of DA and Metabolites
The intranigral injection of NTN and GDNF affected postmortem levels of DA in both the striatum and substantia nigra (Fig. 5) . The data were compared statistically using a mixed ANOVA with treatment as a between factor and side of brain as a within factor. In the striatum, ), and 100 lM amphetamine was included in the perfusate for 20-min starting at 120 min (horizontal bar above Amphetamine). Values shown are mean ± SEM from 7-8 animals per group. * P \ 0.05 versus left side (repeated measures ANOVA; Newman-Keuls post-hoc comparisons indicated a significant difference (P \ 0.01) between the left and right sides at each individual time point for both the NTN and GDNF treated groups) Fig. 3 Dialysate levels of HVA from the striatum of animals injected into the right substantia nigra with vehicle, NTN or GDNF. Microdialysis experiments were carried out 3 weeks after the injections. Excess potassium (100 mM) was included in the perfusate for 20-min starting at 0 min (horizontal bar above K ? ), and 100 lM amphetamine was included in the perfusate for 20-min starting at 120 min (horizontal bar above Amphetamine). Values shown are mean ± SEM from 7-8 animals per group. * P \ 0.05 versus left side (repeated measures ANOVA; Newman-Keuls post-hoc comparisons indicated a significant difference (P \ 0.01) between the left and right sides at each individual time point for both the NTN and GDNF treated groups) the ANOVA indicated a main effect of side (P \ 0.001) and an interaction of treatment with side (P \ 0.02), but not a main effect of drug. On the injected side, the NTN led to a 20% decrease in striatal DA content, and the GDNF led to an 18% decrease in striatal DA, compared to the contralateral sides. In the substantia nigra there was a main effect of treatment (P \ 0.001), a main effect of side (P \ 0.001), and a significant interaction (P \ 0.001). The NTN led to a 114% increase in nigral DA content, and the GDNF led to a 91% increase in nigral DA, on the injected side compared to the contralateral side. The trophic factor injections also altered DA metabolite levels in both the striatum and substantia nigra. In the striatum NTN led to a 29% decrease in DOPAC, and GDNF led to a 25% decrease in DOPAC on the injected side of the brain (Table 2) . Striatal HVA levels were decreased by 23 and 16%, respectively, following NTN and GDNF administration. In the substantia nigra both trophic factors increased tissue DOPAC levels by 27-28%, and increased tissue HVA levels by 17-20% on the injected side compared to the contralateral side ( Table 2) .
Discussion
The present study compared the effects of NTN and GDNF on striatal DA overflow and striatal and substantia nigra DA content. The results indicate that both trophic factors, when administered as a single injection into the substantia nigra, lead to almost identical changes in evoked overflow of DA from the striatum and in changes in tissue levels of DA and metabolites in the nigrostriatal pathway.
The changes in DA release and tissue content of DA after NTN or GDNF injection are similar to those reported in the literature for animals administered a single injection of GDNF. Previous in vivo studies in rats have reported increases in both potassium-and amphetamine-evoked overflow of striatal DA following intranigral GDNF [3, 9] , a trend for an increase in potassium-evoked overflow following intranigral GDNF [21] , and an increase in potassium-evoked overflow following intrastriatal GDNF [4] . The present study found a significant increase in amphetamine-evoked overflow of DA in the striatum, and a trend for an increase in potassium-evoked overflow of DA. The magnitude of the effects observed in the present study was generally smaller than that reported in other papers. The smaller effect we observed on stimulus evoked overflow may be due to the lower dose of trophic factor we used (5 lg) compared to that in the other studies (10 lg) [3, 9] .
Numerous studies have reported changes in tissue levels of DA following intranigral GDNF administration. In the striatum these changes include a decrease, or a trend for a decrease, in tissue levels of DA [1] [2] [3] 21] . In the substantia nigra these changes include a significant increase in tissue content of DA [1] [2] [3] 21] . Both these effects were observed in the present study following either NTN or GDNF injection into the substantia nigra.
Taken together, the increases in striatal DA release, combined with decreases in striatal tissue levels of DA and decreases in dialysate and tissue levels of DOPAC and HVA, suggest a redistribution of DA in the terminal towards a more readily releasable pool of DA. This would help explain an increase in release of DA with a decrease in total tissue content. Pothos et al. [22] demonstrated that GDNF leads to more DA being released per synaptic vesicle, supporting a change in DA packaging within vesicles. It has also been suggested that the level of DA metabolites is primarily a result of metabolism in the terminal during storage of newly synthesized DA as well as to breakdown following leakage from synaptic vesicle [23] [24] [25] . Thus, the decreases in striatal DA metabolite levels observed in the present study following NTN and GDNF administration may indicate more efficient storage or vesicular sequestration of DA so that there is less unprotected DA in the terminal available for degradation. Another factor that may be involved in the observed increase in dialysate levels of DA is a change in the functioning of the DA transporter (DAT). DAT activity plays a major role in regulating synaptic levels of DA, and GDNF has been shown to reduce DAT protein levels [26] . Thus, potential NTN and GDNF induced decreases in striatal DAT activity could also help explain our results of an increase in stimulus-evoked overflow of DA.
In the substantia nigra the trophic factor-induced increases in both DA and its metabolites suggest an upregulation of synthesis and storage in the cell bodies and dendrites. The relatively greater increase in nigral DA levels (91-114%) than metabolite levels (17-28%) is also consistent with more efficient storage and sequestration of DA. The differences between striatal and nigral DA and metabolite levels following trophic factor administration may be due in part to differences in how TH activity is affected, as previous work has shown that a single injection of GDNF leads to a greater biosynthesis capacity in the substantia nigra compared to the striatum [6] . Several previous studies have concluded that changes in DA release and content in the nigrostriatal DA system following GDNF administration are due to altered synthesis, storage and/or uptake of DA [3, 4, 21, 22] . The present data supports this, and the parallel changes found with NTN and GDNF suggest that both trophic factors are affecting these processes in similar ways.
Although we did not measure locomotor activity in the present study, previous reports have demonstrated that intranigral GDNF increases spontaneous locomotor activity [1] [2] [3] 9] . Thus, due to the similarities we found regarding changes in DA levels following NTN and GDNF administration, it is possible that intranigral NTN would produce behavioral changes analogous to those of GDNF. While striatal DA release is an important modulator of motor activity, somatodendritic DA release in the substantia nigra also appears to be important for regulating behavior [27] [28] [29] . We found that, in addition to increasing stimulus-evoked overflow of DA in the striatum, both NTN and GDNF produced substantial increases in nigral DA levels. It has been reported that intracerebral administration of GDNF can augment DA release in the substantia nigra [11, 30] , suggesting that GDNF-induced increases in tissue levels of DA in the nigra may lead to enhanced somatodendritic release of DA. Thus, it will be important in future studies to define the behavioral effects of NTN and the role of striatal versus nigral release of DA on any observed behavioral changes.
Trophic factors of the GDNF family signal through a multicomponent receptor complex. The ligands initially bind to a cell surface-bound GDNF family receptor (GFR). Both GDNF and NTN can interact with either GFRa-1 or GFRa-2 receptors; however, GDNF preferentially binds to the GFRa-1 receptors, while NTN preferentially binds to GFRa-2 receptors [31, 32] . Both types of receptors are present in the substantia nigra of the adult rat, with GFRa-1 expression reported as higher [33] [34] [35] or approximately equal [36] to expression of GFRa-2. In the present study the analogous results following either exogenous NTN or GDNF administration may indicate that both trophic factors are activating a similar pattern of GFRa-1 or GFRa-2 receptors. However, more detailed studies would be necessary to confirm this. Previous studies that have compared the effects of NTN and GDNF have reported both differences and similarities in their effects on the nigrostriatal DA system. Hoane et al. [16] , using osmotic minipumps to deliver NTN or GDNF into the lateral ventricles for 30 days, found transient differences in amphetamine-induced activity, and differences in DA levels and utilization between the ventrolateral and mediodorsal striatum, between the two trophic factors. Rosenblad et al. [37] found that multiple intraventricular or intrastriatal injections of GDNF were more effective than similar injections of NTN at protecting against 6-hydroxydopamine (6-OHDA)-induced nigral cell death; and they suggest that the lower efficacy of NTN may be due in part to its reduced solubility and diffusion compared to GDNF. Akerud et al. [14] , using fibroblasts genetically engineered to deliver NTN or GDNF into the substantia nigra, found both trophic factors equally protected against 6-OHDA-induced degeneration of nigral TH ? neurons, but that only GDNF induced sprouting and soma hypertrophy of these neurons. Horger et al. [13] reported that injection of NTN into the nigra was as effective as a similar injection of GDNF at promoting survival of DA neurons after 6-OHDA exposure, and that intrastriatal injection of either NTN or GDNF in non-lesioned rats led to similar increases in amphetamine-induced locomotor activity. The authors of both these last two studies [13, 14] , due to the equivalent effects they found with both trophic factors, suggest that NTN and GDNF may be acting through similar receptor components. The comparable results between NTN and GDNF noted in the last two studies mentioned above, as well as in the current study, were observed following intranigral administration of the trophic factors. Thus, it is likely that site of administration, as well as other factors such as dose and schedule of administration, will affect how equivalent the results are when comparing NTN with GDNF.
For the present study equal amounts of NTN and GDNF (5 lg) were injected into the substantia nigra. Similarly, in other studies that have compared NTN with GDNF, equal weights of the two trophic factors were used [13, 14, 16, 37] . However, it should be noted that the molecular weights of NTN (23.6 kDa) and GDNF (30.4 kDa) are different. Thus, although equal weights of trophic factors were injected into the animals, the molar concentration of NTN was higher by approximately 28%. The lack of a difference between the results for NTN and GDNF indicates that the slightly greater NTN dose did not have a significance effect on the outcome. In addition, as mentioned above, it has been reported that NTN does not diffuse as far from the injection site as GDNF does [37] . However, considering the relatively small size of the rat substantia nigra, the possible reduced diffusion distance with NTN does not appear to have been a factor in the present study.
In conclusion, the intranigral administration of similar doses of NTN and GDNF led to equivalent changes in potassium-and amphetamine-evoked overflow of DA from the striatum, to equivalent changes in extracellular levels of metabolites, and to equivalent changes in striatal and nigral tissue levels of DA and metabolites. These results indicate that NTN can upregulate dopaminergic release processes in the terminals of nigrostriatal neurons, and further support that NTN, like GDNF, may have therapeutic potential for treatment of diseases involving dopaminergic dysfunction.
